Abstract. The American Nuclear Society (ANS) has presented the prestigious Edward Teller award to Dr. Bruce A. Remington during the 2011 IFSA conference due to his "pioneering scientific work in the fields of inertial confinement fusion (ICF), and especially developing an international effort in high energy density laboratory astrophysics" [1, 2] . This is a great acknowledgement to the subject of high energy density laboratory astrophysics. In this context, we report here one experiment conducted to model solar flares in the laboratory with intense lasers [3] . The mega-gauss -scale magnetic fields produced by laser produced plasmas can be used to make magnetic reconnection topology. We have produced one table-top solar flare in our laboratory experiment with the same geometric setup as associated with solar flares.
INTRODUCTION
Traditional astrophysical phenomena are pursued with observations and theoretical modelling. The recent advances in observations and modelling provide a solid ground for modern astrophysics. The growing field of high-energy density laboratory astrophysics (HEDLA) seeks to understand the physics involved in fusion applications and astrophysical phenomena in laboratory astrophysics. Contemporary research in laboratory astrophysics utilizes powerful, megajoule class lasers such as at the National Ignition Facility (NIF) and other laser fusion facilities like Omega lasers and GEKKO lasers in Japan. In China, Shenguang-II laser facility is used for the study of HEDLA phenomena. These high energy density laser facilities provide unique opportunities to study fundamental material properties such as This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. opacity [4] , equations of state [5] , photoionized plasmas [6, 7] , as well as the similarity of physics involved in certain hydrodynamic phenomena of jets [8] and shocks [9] when a scaling law between astrophysical and laboratory plasma systems can be applied. Consequently, the main focus of laboratory astrophysics is to simulate fundamental nature of astrophysical plasma physics processes in a laboratory environment so that certain astrophysical phenomenon can be studied in a well controlled manner [1, 2, 10] .
Magnetic reconnection (MR) is a fundamental physical process in a plasma which facilitates the conversion of magnetic energy into kinetic and thermal energies through acceleration and/or heating of particles [11, 12] , and is believed to dominate among different astrophysical phenomena from solar flares [13, 14] , star formations [15] , other astrophysical events [16] , laser-produced plasma jets [17] [18] [19] , tokamak sawteeth [20] to disruptions in laboratories. Considerably large scale differences between astrophysical and laboratory plasmas hinder the direct measurements of magnetic reconnection events in laboratory. However, with proper scaling law [21] between different magnetohydrodynamic (MHD) systems, certain astrophysical phenomena can possibly be envisioned in laboratory such as a solar wind driven magnetosphere [22] .
In this article we present a well-scaled laboratory experiment producing a table-top solar flare in which the MR topology is constructed with spontaneously generated magnetic field in high power laser-plasma interactions. This non-equilibrium laser driven magnetic reconnection is quite similar with the real astrophysical MR phenomena, which might open a new direction in the field of laboratory astrophysics.
EXPERIMENTAL SETUP
The experiment is performed on the Shenguang (SG) II laser facility in China, which can deliver a total energy of 2.0 kJ in a nanosecond square pulse. The eight SG-II laser beams ( L = 0.351 m) are divided into four bunches and each bunch contains two laser beams. The geometric configuration as shown in Fig. 1 is designed to setup one standard laser driven magnetic reconnection topology. The two synchronized laser bunches separated by 200-800 m are then focused on one side of the Al foil, while the other two bunches shine the other side of the target symmetrically and simultaneously. Each bunch is focused to a focal spot diameter of 50-100 m in full width at half maximum (FWHM) generating an incident laser intensity of ∼ Al foil edge. The Al foil size is 1, 600 m × 500 m and in thickness of 10-50 m, while the Cu target is 1, 600 m × 250 m with the thickness of 150 m. The X-ray emission is measured by three X-ray pinhole cameras in the forward, side and reverse directions to investigate the reconnection jets as well as their impact on the Cu target. The image is taken with 10-m pinhole filtered with 50 m of beryllium allowing all X-rays with energy above ∼1 keV. Most of the signal from high-energy continuum is time-integrated recorded on an X-ray film which is sensitive to X-rays in the 1-10 keV range. A flat crystal spectrometer is set in front of the targets to record the X-ray spectra from the heating plasmas. Shadowgraphy and interferometry with a 120 ps green ( L = 0.53 m) laser beam are also employed to investigate plasma evolution. A single-frame X-ray framing camera has been set up for imaging of x-ray emissions from laser magnetic reconnection sources. It consists of two parts: an x-ray pinhole camera using an open-ended microchannel plate (MCP) detector coupled to a CCD camera, and a high voltage short duration gate pulse of 70 ps for the MCP. The camera uses a 20-m pinhole aperture for recording image on the MCP detector with a magnification of 3X. The evolutions of 2D X-ray images are recorded with very high-speed time resolution (about 54 ps).
RESULTS AND DISCUSSIONS

Magnetic reconnection in solar flares and laser driven magnetic reconnection
A solar flare is a fierce explosion in the sun's atmosphere that emits a burst of radiation. One big solar flare can affect space environment and human beings life on earth very seriously. There are many observed evidences that support the magnetic reconnection model of solar flare. In 1992, Masuda et al [23] observed the loop-top X-ray source in solar flares by using the YOHKOH satellite and proposed that two antiparallel magnetic fields were merged above an arcade of closed loops as outflows from the reconnection point which collided with high density plasmas on the loop to produce a hot X-ray region. The observations of Ultraviolet [24] and X-ray [25, 26] plasma jets ejected from the regions above the solar surface also confirm the theoretical models of MR. Table 1 list the typical solar flares parameters. On the other side, ultra-strong magnetic fields up to mega-gauss scale can be generated via the interactions of ultra-intense lasers with plasmas. The mechanism of self-generated magnetic field in laser plasmas is different due to the laser conditions. Thermoelectric mechanism is most important with the long pulse lasers (nanosecond), where temperature and density gradients on the target surface are nonparallel. Toroidal magnetic fields have been measured successfully with different methods. The main features of self-generated magnetic fields include: (a) strong magnetic field of mega-gauss scale (b) concentrated on a hemispherical plasma bubble (c) surrounding and expanding laterally. Since the magnetic reconnection is the breaking and re-organizing of magnetic field lines which need to satisfy two requirements: firstly magnetized plasmas encounter each other and secondly the anti-parallel pointing B-fields. By considering the features of self-generated magnetic field in laser plasmas, we can construct the MR topology with two laser beams as shown in figure 1 . Yates et al [27] observed the hot emission 01010-p.3 at reconnection point by focussing two laser beams on the gold foil. Nilson et al [17, 18] performed a similar experiment, in which two distinctive plasma jets were observed. Li et al. [28] and Willingale et al. [29] diagnosed the laser-driven magnetic reconnection process with novel proton radiography. The typical laser plasmas parameters used in our experiment are listed in Table 1 along with solar flare parameters in column 2. When compared with the solar flare parameters, one can see that the laser plasma is short lived and is of small size as well.
MHD scaling laws
As mentioned in section 3.1, we demonstrate two plasma systems, solar flare and laser plasmas. Magnetic reconnection can occur in both of these systems. The MR process can reasonably be described by MHD, since the magnetic Reynolds number is very high. Ryutov et al [21] reported the scaling relations of two ideal MHD systems (Re M 1). The variables of the systems remain invariant under these transformations, as r = ar 1 ,
where r is the characteristic length, is the mass density, p is the pressure, v is the velocity, B is the magnetic field of the systems, while a, b, c are transformation coefficients.
Brady et al [22] simulated magnetosphere-solar wind interactions in laboratory with the help of MHD scaling law. By selecting the laser parameters and target materials properly, the magnetic
2 is around 4,000 (for Z = 13, A = 27, L = 0.1 cm, T = 1 keV), which makes the MHD processes in laser plasmas and solar flares (Re M ∼ 5×10 8 ) comparable. The MHD comparison of solar flares and laser-produced plasmas is shown in Table 1 with the transformation coefficients a = 10 −11 , b = 10 8 , and c = 10 10 . The scaled parameters of solar coronal plasmas in the third column are very similar to those of laser-produced plasmas listed in the second column.
Table-top solar flare produced with intense lasers
In astrophysical simulations the geometry of the experimental setup should be similar to that of the astrophysical case. In our experiment, we set up the target which has similar magnetic topology with the solar flare as shown in figure 2(a) . The loop-top x-ray source and reconnection jets had been reported in our previous work [3] . Here, we show the dynamic x-ray images observed with framing camera. In solar flare observations, soft x-ray images which are considered to represent magnetic field-line configuration visualize examples of global topology change of plasma configurations. In laser plasmas, we also plot the magnetic field-line over the x-ray emissions. when the two laser spots are separated by 800 m at different time. The most distinctive features of laser driven magnetic reconnection are x-ray emissions at encounter plane of two plasma bubbles and also outflows as shown in figure 2 (b) , which will interact with Cu target and re-emit x-rays at the Cu target. At the time of 487 ps when the laser is still on, two weak (see scale bar) x-ray emissions come from two focal spots. In the second row, the laser is just turned off and x-ray emission reaches its maximum peak value at focal spots. Some x-ray emissions (jet-like) are also observed at the corner of the Cu target, while reconnection does not occur because at that time there is no x-ray emissions at middle of two plasma bubbles of Al target. At later time of 1.479 ns (third row), in addition to x-ray emission in diffusion region from the Al target, three bright spots on the Cu target are also found. The side spots are evolution of jet-like x-ray emissions as shown in second row, while the central spot is the result of reconnection outflows interacted with Cu target. Several features are found similar in both systems (the present experimental plasmas and solar flare plasmas) such as reconnection jets and loop top xray source. By considering the scaling relations between these two systems we can conclude that one table-top solar flare could be produced with intense lasers.
CONCLUSIONS
Laser driven magnetic reconnection is an area of exploring a parametric space that was not previously accessible in laboratory experiment. With the application of scaling laws, we can simulate a number of astrophysical phenomena pertaining to MR, such as solar flare, accretion disk etc. In future experiments, we will continue to investigate the MR related particles acceleration. The magnetic field produced by short laser pulse is much higher than that produced with ns lasers. Using these mechanisms for magnetic field generation, we can also study the relativistic magnetic reconnection.
